Abstract The olive fly (Bactrocera oleae) is the most important olive tree (Olea europaea) pest. In the Mediterranean basin, where 98 % of its main hosts are concentrated, it causes major agricultural losses, due to its negative effect on production and quality of both olive and olive oil. Previous phylogeographic analyses have established that Mediterranean olive fly populations are distinct from other Old World populations, but did not agree on the specific population substructure within this region. In order to achieve a higher resolution of the diversity of olive fly populations, particularly in Central and Western Mediterranean (home to 70 % of the world production), we comparatively analyzed a set of samples from Portugal in the context of published mitochondrial sequences across the species' worldwide range. Strong evidence of population substructure was found in the Central and Western Mediterranean area, with two clearly separate phylogenetic branches. Together with previously published data, our results strongly support the existence of at least three distinct Mediterranean populations of the olive fly, raise the possibility of additional regional substructure and suggest specific avenues for future research. This knowledge can be instrumental in the development of better management and control strategies for a major pest of Mediterranean agriculture.
Introduction
The olive fly, B. oleae (Gmelin, 1790) is a phytophagous insect belonging to the Tephritidae family of Diptera. A native of the Old World which was recently introduced in America (California, 1998) (Zygouridis et al. 2009 ), the olive fly is widespread in the Mediterranean basin, the main center of cultivation of Olea europaea, its major host (Augustinos et al. 2005) . The olive fly constitutes the most important olive tree pest, presently responsible for sizeable production losses of olives and derivatives, ranging from 5 to 30 % (annual average of 15 %) (Montiel Bueno and Jones 2002) . Moreover, fruit damage caused by larvae and pupae infestation has a significant negative impact on its suitability for human consumption and the quantity and quality of oil produced. In addition to an inherent scientific interest, a good knowledge of the population structure of the olive fly is essential for effective strategies of integrated pest assessment, control and management. Genetic diversity and phylogenetic relationships of olive fly populations in several world regions have been investigated using different genetic markers, i.e. autosomal microsatellites (STRs) (Augustinos et al. 2005; Nardi et al. 2005; Zygouridis et al. 2009 ), gene and protein polymorphisms (Goulielmos et al. 2003; Nardi et al. 2006; Ochando and Reyes 2000) , RAPDs (Segura et al. 2008 ), cytogenetics (Mavragani-Tsipidou 2002 , and mitochondrial DNA polymorphisms (Nardi et al. 2003 (Nardi et al. , 2005 (Nardi et al. , 2006 Smith et al. 2003) .
Mitochondrial DNA (mtDNA) has specific features that make it particularly well suited for phylogenetic studies in animal populations. MtDNA is generally only maternally transmitted in animals and it can be treated as nonrecombining and effectively haploid. These two characteristics greatly simplify the reconstruction of phylogenetic relationships. Also, the mutation rate in mtDNA is, on average, significantly higher than in nuclear DNA but lower than in highly repetitive nuclear DNA. Thus, although variation in mtDNA arises faster than in nuclear loci, the events of reversion and recurrence that complicate, for example, STR-based analysis, are comparatively less frequent. Finally, the high number of mtDNA copies within animal cells greatly facilitates its retrieval for PCR, a particularly relevant issue in the analysis of commonly degraded or minute field samples.
Previous studies based on mtDNA sequence analysis have agreed that olive flies can be divided in three distinct phylogenetic groups corresponding to the major geographical areas of its original dispersal (Mediterranean, Middle East and Sub-Saharan Africa), thus evidencing the strong phylogeographic structure of the species (Nardi et al. 2005 (Nardi et al. , 2010 . A Mediterranean origin for North American olive flies was also demonstrated, highlighting the importance of long distance human-mediated dispersal of this insect (Zygouridis et al. 2009; Nardi et al. 2010 ). However, disagreement remained about the number of phylogenetic groups in the Mediterranean basin, with different studies suggesting one (Nardi et al. 2005; Segura et al. 2008) , two (Nardi et al. 2010) , or three (Augustinos et al. 2005; Zygouridis et al. 2009 ) separate clades. In the most recent study, Nardi et al. 2010 showed a clear phylogenetic separation between Eastern and Central/Western Mediterranean populations using complete mitochondrial DNA sequences (Nardi et al. 2010 ). Additionally, their data did not provide definitive evidence in favor or against a separation between Central and Western Mediterranean flies, which thus remained an interesting possibility.
Given the economic importance of the olive tree in Mediterranean agriculture, we decided to further investigate the phylogenetic relationships among olive fly populations, by performing a comparative analysis of mtDNA haplotypes from a new set of Western Mediterranean samples together with previously published sequences from worldwide locations. Our results complement previous studies (Nardi et al. 2010; Augustinos et al. 2005; Zygouridis et al. 2009 ) and confirm the existence of at least three distinct Mediterranean populations of B. oleae.
Materials and methods

Olive fly samples
Olive flies were collected at or near 10 different localities across Portugal (Table S1 ). McPhail traps baited with a 5 % solution of ammonium sulfate (Sigma-Aldrich) were placed in olive groves for periods of 1-2 weeks and inspected every 1-2 days. Trapped adults were collected and washed once in 70 % ethanol before storage. Olives were collected at several locations (whenever possible in olive groves not subjected to chemical treatment) and stored in plastic bags. Emerging larvae, pupae and adults were collected periodically. In a few cases, larvae were obtained by dissection of infected olives. All individuals were stored at -20°C in 70 % ethanol until DNA extraction.
Selection of polymorphic mtDNA regions
Highly variable sections of mtDNA were selected for amplification and sequencing, based on the number of polymorphisms previously described in a Mediterranean region dataset (Nardi et al. 2010 ) and the robustness of amplification and sequencing observed in preliminary experiments. The polymorphic regions selected for survey include both tRNA-Leu genes and segments of the ND1, ND2, ND4, COX1, COX2 and 16srRNA genes (Table S2 ). The total length of these sections (3,815 bp) represents approximately 24 % of the complete mitochondrial genome of B. oleae.
DNA extraction, amplification and sequencing
Total DNA was extracted using a standard SDS/Proteinase K method and its concentration determined using a NanoDrop ND-1,000 spectrophotometer. Amplifications were performed in 25 lL reactions containing 10 ng of genomic DNA, 75 mM Tris-HCl (pH 8.8), 20 mM (NH 4 ) 2 SO 4 , 0.01 % (v/v) Tween 20 (Fermentas), 1.5 mM MgCl 2 (Fermentas), 0.25 mM of each deoxy-NTP (Fermentas), 175 ng of each primer (Metabion) and 1 U of Taq DNA polymerase (Fermentas). The cycling protocol was: 95°C for 5 min; 3 cycles of 95°C for 30 s, 64°C for 1 min and 72°C for 1.5 min; 3 cycles of 95°C for 30 s, 61°C for 1 min and 72°C for 1.5 min; 32 cycles of 95°C for 30 s, 58°C for 1 min and 72°C for 1.5 min; and 72°C for 5 min. Following purification with ExoI (Fermentas) and SAP (Fermentas), PCR products were used in sequencing reactions with the Big Dye Terminator Cycle Sequencing Kit (Applied Biosystems), one of the amplification primers and the following cycling protocol: 96°C for 3 min; 35 cycles of 95°C for 15 s, 56°C for 15 s and 60°C for 2 min; and 60°C for 5 min. Sequencing reaction products were purified using Sephadex G-50 micro-spin columns (GE Healthcare) and sequenced in an ABI Prism 3130 XL sequence analyzer (Applied Biosystems).
Sequence analysis and concatenation
Electropherograms were inspected using Chromas 1.45 (Technelysium Pty Ltd). Sequences were cropped to the minimal region of overlap for all individuals using CLC Sequence Viewer 6 (CLC Bio). The different mitochondrial DNA segments of each individual were concatenated using the same software.
Phylogenetic analysis
Published sequences used in these analyses were retrieved from GenBank (Table S3 ). Alignment of new and published sequences was obtained using the Muscle tool implemented in Geneious 5.5.3 Pro software (Drummond et al. 2010) . Median-joining networks were calculated using the Network v4.5.1.0 software (Bandelt et al. 1999) (http://www.fluxus-engineering.com), ignoring indels and using default parameters in all calculations. Position 12453 (numbered according to the B. oleae complete mitochondrial genome with Genbank accession number AY210702) was excluded from the phylogenetic analyses after preliminary phylogeny reconstructions and analysis of haplotypic backgrounds showed that it was most probably a recurrent polymorphism.
Results
We identified 14 haplotypes in our dataset, defined by a total of 35 SNPs. Thirteen of the haplotypes and approximately half of the SNPs (17) had not been described previously. These polymorphic positions are distributed throughout all gene sequences here analyzed except one of the Leucine tRNAs (Table 1) . The remaining 18 polymorphisms represent 40 % of the Mediterranean variants previously described for homologous sequences. This percentage decreases to 12.5 % (3/24) for variants found in Eastern Mediterranean samples, against 73.9 % of Central/ Western Mediterranean variants, in agreement with the results presented by Nardi et al. (2010) . Importantly, there is also a stark contrast between the occurrence of variants found in the Italic Peninsula (1 out of 6) and those from the remaining Central/Western samples reported by Nardi et al. (16 of 17) , suggesting a separation between the Italic and Iberian populations. Moreover, the only 'Italic variant' detected was present in only one individual and had previously been described in two individuals from California in a different haplotypic context, thus suggesting it may be a recurrent polymorphism. Further support for a split between Italic and Western Mediterranean samples comes from pair-wise genetic comparisons. Indeed, the divergence between Italic and Western Mediterranean samples (0.39 % ± 0.07) is similar to that between Italic and Eastern Mediterranean samples (0.45 % ± 0.06). This level of inter-region divergence is much higher than the one observed in intra-Western (0.15 % ± 0.08) and intraNear Eastern (0.19 % ± 0.09) comparisons (Table S4) .
The 14 different haplotypes identified in our dataset were used for a reconstruction of the phylogenetic relationships among olive fly populations in the context of previously published worldwide data. The phylogenetic networks clearly show the existence of three separate clades in the Mediterranean region, with strong phylogeographic correlation: Western Mediterranean, Italic Peninsula and Eastern Mediterranean (Fig. 1) . The Western Mediterranean and Italic clades are separated by at least 13 mutational steps and the Italic and Eastern Mediterranean clades by at least 22, with absence of intermediate haplotypes. The Western Mediterranean clade (Fig. 1b) shows a high diversity of haplotypes and a star-like topology suggestive of a recent expansion.
Approximately half of the variants found in protein coding genes are non-synonymous substitutions. Additionally, two of them (T845C and G9097A) lead to alterations of highly conserved amino acids in ND2 and ND4, respectively (Table 1) . Interestingly, both of these occur in the same haplotype as other amino acid polymorphisms, raising the possibility of compensatory mutations.
Discussion
Occurrence and distribution of sequence variants
The vast majority of the 17 new mtDNA SNPs here reported (Table 1) were found only once, and only two of them in (the same) two samples. In contrast, of the 18 known variants we detected, 13 were found in at least three samples, and seven in more than 10 samples. Even taking into account that only about 25 % of the complete mitochondrial genome was surveyed in this analysis, these results suggest that the majority of the frequent mitochondrial sequence variants in the westernmost limit of the European olive fly distribution had already been identified in previous studies (Smith et al. 2003; Nardi et al. 2003 Nardi et al. , 2005 Nardi et al. , 2010 . On the other hand, the fact that the number of new variants almost equaled the number of known ones, and that 12 new haplotypes were found, indicates that the mtDNA diversity of the olive fly in this area is still far from being comprehensively described. Additional support for this notion comes from the detection of another two novel variants (A1784G and A9396G) in some individuals, which were excluded from the present analyses because they were located outside the DNA segments reliably sequenced in all samples.
Seven of the mtDNA polymorphisms we identified in B. oleae are responsible for amino acid changes, two of which (T845C and G9097A) may result in functional alterations. Indeed, the affected residues are conserved in 98 % (46/47) of Diptera species for which reliable sequence information is available (F214 in ND2 and P134 in ND4, respectively) ( Table 1 and Table S3 ). This suggests the variants identified might lead to a functional deficit in the electron transport chain, and potentially an increased mutation rate in mitochondrial DNA. The observed distribution of novel variants is consistent with this hypothesis: whereas the other 12 haplotypes harbor 0-3 of these, the VLVR03 haplotype has T845C plus another five alterations and the VLVR08 haplotype has G9097A plus another four. Furthermore, two of the variants in VLVR03 haplotype also cause residue alterations in ND2 (A191T and I276F, the first of which found only in this haplotype) and one of those in the VLVR08 haplotype causes an alteration in ND1 (I8T). These results suggest that we may be in the presence of a compensatory mechanism where the putative deleterious effect of a variant is ameliorated by the interaction with others, an effect previously demonstrated in mammalian mitochondrial (Azevedo et al. 2009 ) and nuclear (Azevedo et al. 2006) proteins.
Haplotype analysis and Mediterranean population structure of the olive fly Mitochondrial haplotype analysis is one of the most powerful methods to reconstruct population histories. Previous studies concluded that, given the relatively low intraspecific diversity observed, relatively long stretches (*2 kb) of DNA sequence would have to be analyzed for this approach to be fruitful in B. oleae (Nardi et al. 2003) . Taking this into account, we chose to cover a significant fraction of the complete mitochondrial genome (*25 %) in this study.
Our phylogenetic reconstruction using new haplotype data in the context of previously published data (Fig. 1) leads to three important novel conclusions: first, the Iberian olive fly population is a clearly distinct entity, with no detectable contributions from the Central or Eastern Mediterranean, implying the existence of at least three very distinct olive fly populations in the Mediterranean basin; second, the Italic and Iberian populations seem to have undergone a deep split; third, the topology of the Iberian (or rather Mauro-Iberian, see below) clade suggests that further substructure within this geographical area may still be disclosed in the future.
The first clear evidence of geographically-related olive fly population substructure was provided by Nardi et al. (2005) . Having analyzed both nuclear STRs and part of the mtDNA from individuals collected in Sub-Saharan Africa, Pakistan, North America (California) and the Northern and Eastern Mediterranean basin, they came to two important conclusions: first, the three main Old World regions have distinct populations; second, the Californian immigrants originated in the Mediterranean. Almost simultaneously, a separate STR-based study suggested the existence of three Mediterranean subpopulations: one in the Iberian peninsula, one extending from the Italic peninsula to Turkey's Aegean coast, and a third one in Cyprus (Augustinos et al. 2005) , which was subsequently found to extend to Israel, Southwest Turkey and California (Zygouridis et al. 2009; Nardi et al. 2010) . Importantly, these studies suggested extensive admixture among the three Mediterranean Table 1 New intra-specific substitutions among olive fly (Bactrocera oleae) mitochondrial sequences
Variant
Gene Effect subpopulations proposed, as individuals fitting into each of the three genetic groups were found in all locations sampled. However, later work based on complete mtDNA sequences (Nardi et al. 2010) , though not designed to address Mediterranean population substructure, provided strong evidence for a clear distinction between Eastern and Central/Western Mediterranean olive flies. Our present results thus provide significant new insights into the question of olive fly population substructure. Indeed, they show that haplotypes from the Iberian and Italic peninsulas are separated by a high number of mutational steps, with perfect phylogeographic correlation (Fig. 1) . This conclusively demonstrates, for the first time, a clear split between Iberian and Italic populations-and consequently the existence of at least three well separated Mediterranean basin populations (see map at http://g.co/maps/bw5nt). There are, nevertheless, some formal limitations to this conclusion. First, the strictly maternal transmission of mtDNA implies that only the female side of population history is disclosed. However, as pointed out by other authors (Nardi et al. 2010) , it seems highly unlikely that they cannot be generalized to males, as patterns of dispersion of both sexes are thought to be similar (Fletcher and Economopoulos 1976) . Second, though it is clear that Italic haplotypes do not fit into the Iberian clade, the small number of sequences available from the Italic Peninsula raises the possibility that they are not representative of the diversity within that geographic area. However, additional evidence indicates this is likely to be the case. Indeed, according to the map presented by Nardi et al. (2010) the samples from the Italic Peninsula therein analyzed were collected at locations separated by approximately 600 km, one on the southeast and one on the northwest. Furthermore, we have excluded from the present study two previously published full mitochondrial sequences-one from Italy and one from Portugalbecause the authors reported that sequence gaps were filled using fragments derived from other individuals from the same locations, thus having assembled chimeric sequences (Nardi et al. 2003) . However, close inspection of those sequences shows that the profile of population-specific variants (separating Italic and Iberian populations) at a third location in Italy matches the profile of the other two. Thus, even though four sequences from three locations cannot be taken as fully representative of the Italic Peninsula, it is already evident that a significant proportion of Italic individuals have a genetic profile radically different from the one that is almost surely dominant in Iberia.
On the other hand, our results, as the above discussion implies, also highlight important unanswered questions regarding Mediterranean basin olive fly populations. First, what are the exact geographic areas occupied by the recognized populations, where are the 'borders' between neighboring populations, and to what extent do they intermix there? For example, the combination of results from different studies seems to indicate that the population we designated by 'Italic' extends to Greece and Western Turkey (in which case 'Italo-Aegean' would be a more appropriate designation). The 'Eastern Mediterranean' population, in turn, includes Cyprus and the 'Levantine' coast, implying a separation somewhere in Asia Minor. Towards the other end of the Mediterranean, haplotypes from the three available samples from Morocco, Algeria and Sicily (Nardi et al. 2010) belong to the Iberian clade, raising the possibility that the Iberian population (or at least its Southern 'border' with the Italo-Aegean) extends through Northern Africa into Sicily (in which case MauroIberian would be a more appropriate designation), but results from one study (Segura et al. 2008 ) suggest otherwise. The position of the Sicilian sample-at the base of the Iberian clade-could reflect the fact that Sicily is part of the shortest route between the Iberian and Italic peninsulas. Indeed, flies migrating between them across mainland Europe would be forced to win the formidable barriers of the Alps and the Pyrenees, a difficult task compared to crossing from Sicily to Tunisia or the Straits of Gibraltar.
Second, is there additional population structure in the Mediterranean basin? A major stretch of the basin, comprising most of its Southern shores, has yet to be sampled: Sig, the easternmost data point on the Southern coast, is only approximately 500 km from Gibraltar, but about 3,000 km from Haifa. It is therefore possible that additional distinct populations will be found in that area, particularly considering it comprises large swaths of extremely arid lands. Furthermore, it is conceivable that a deeper analysis will disclose additional substructure in the populations already identified, a possibility our results already raise for the Mauro-Iberian population. Indeed, all the sequences found in Portuguese samples can be placed into the lineages of either haplotype EVOR05 or haplotype MRQX01, but none derives directly from the Sicilian haplotype, at the base of the branch. These lineages coexist in Portugal but may indicate separate colonization waves and we do not know at present how their frequencies vary within the shared geographical area.
A third important (and related) question to be addressed in the future is that of the origin of the existing population substructure. In the case of the Italic and Mauro-Iberian populations, geography and the placement of the Sicilian sample in the haplotype tree suggest the possibility of population divergence in the area of Tunisia and Sicily, with different groups migrating north and west. However other (but not necessarily mutually exclusive) scenarios can be envisaged, such as divergence resulting from the formation of separate glacial refuges in the Iberian and Italic peninsulas.
A comprehensive and deeper phylogeographic study of olive fly populations in the Mediterranean will be necessary to resolve these issues, and reconstruct the patterns of migration of B. oleae. Given the time scale of genetic alterations, it seems likely that the information thus obtained will primarily reflect ancient migration events. However, and beyond its purely scientific value, this knowledge should also contribute to model future population fluxes and the design of more effective management and control strategies for a major pest of Mediterranean agriculture.
